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TRAG A¥D PROPULSIVE CFARACTERISTICS OF AIR-COCLED

ENGIXE-NACEILLE INSTALLATIONS FOR TWO-IUGINZ AIRPLAKES

E7 Eerdert A, Wilson, Jr., and Robert R. Lehr

SUKUMARY

Researca on wing-nacelle propeller arranfements haa
bYeen continued in the NACA full-scanle wiand tunrel wlth
torte on a rcodel of a2 two-enline airplane provided with
nacellos varying in diameter Srom 1,56 to 2.6 times the lo-
cal wing thickness. Tals model is the same one that was
previously testod with Tfour-ensine-racolle installations,
and the results aro directly comvaradle.

The results show the variation of the nacelle drag -
with tho ratio of the nacolle diamoter to the wing thick-
ness, the efrocts of tid nacelles on the aerodynamic char-
acterictics of tho alrplane, and tho propulsivo and the
ovar-all efficiencies for all the arrangements. The pros-
ent results are combined in some cases with the rosults of
previous expariments, so that the effect of nacollesis in-
cluded for airplanos ranging from 6% to 100 tors.

INTRCDUSTION

The tendency to increase tho power of radial air-
cooled airplane enginos without increasing tkhe ongine di-
amotor hes lecd to largo variations in the size of the
wing nacellos relative to tae sizo of the winz, 4n in-
vestigation conducted in tho NACA fullescalo wind tunnel
has deoalt with thae influence of tho ratio of the nacolle
diametor to the wing talckneess and of tho longitudinel
and vertical vropeller location on the drag, tae propul-
sive efficiency, and the over-all efficiency of multiengine
airplanes., The offects of the nacellos and the propeller
operation on the 1ift and tho pitchirs nomont of the air-
plano aave also ocen studiled. The investigation covereod
ratios of the nacelle Jdiomator to the ~wing thickness vary-
ing from 0.53 to 2.60, reprosonting cirplanes of Zrom 6%
to 100 tons gross weizht..

By veriztion of the numder and size of the nacelles
installod on the same airplane model, a series of airvlanes
has been revreseanated from walch directly comvaradle data
wore obdbtained. The tents of these models were divided into




two groupst The first group, reportecd in reforonce 1, con=-
sisted of toste of the rodel with four zacellee of dianm-
otors varring from 0,53 to 1.5 times the wing thickness;
tho cecond sroup, constituting the deeis for this revort,
covars tosts of the modol with two nacellcs of diamotors
varying from 1.5 to 2.6 times the wing thickness.

SYNEOLS
angle of attack of tho fuselage reference axis rela-
tive to the wind axis, degrcoes
frce~strean dynamic pressure, nournds per sauarc foot
wia3 arca, dqﬁare feoet 3
mean chord of wing, area/span, foot
maxinun wing thicknoss (averago over nacello), fect
rroveller diameter, fcet
mazxinun nancelle dianctor, feet
nexinun cross—-scctional area of nacelle, square fcct
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MODZL ARD TEST EBQUIPMENT

The tosts werc conducted in the NACA full-seale wind
tunnel, wiich 1s deccribed in referarce 2. The model 1is
2 notal-covered, midwing monoplano with a span of I7.25
feet., The symmetricel wing sectionc ara tavderad ia thick-
nesc from the NACA 0013 at the ront to the KASA 0010 at
the tip. The wing nlan form tapers 431 from a root
chaord of 7.28 feet, and the winz area 1s 172 sauare feet,
Split trailing-edge flaps extend over tio niddle 60 per-
cent of the apan with the excoption of a short gap at the
fuselage, The englo of the wing setting to the fuselago
referenco lire is 4.6%, The vrincipal dinmensions of tho
modol and the nacollo for each of the test arrsnIenmonts
are chown in figure 1. TFigures 2 to 3 skhew the modol am
inctalled 4n tho full-sealec turnol.

A suupary of the nacello arraniorents tecsted is shown
in tadlo I.

‘TAZL

Nacelle| D Preoveller Propofler Tacoalle
dlanm=- |- dinneter . lnoetion| voel-
oter - tion

by

(1n.) | (2) (1r.) (=)

Yo ¢0rlin3 -« Barec-wing

20 48 Center
line

48 Low

69 Center
line

84 X Center
1liro

1 3
Thiokness ty 1s the average of wing thicknoess et the
nacelle looations,

Schord ¢ 1s the local chord at each propellor location,




Power to oporate t“e propellere was furnished for the
20-inch nacello arrangement by the 25-horsopower alternat-
ing-current motors used in the teste of reference 1, and
for the 30.,4-inch and 34.7-iach nacolle arransermeats by
l5-horsepower motors of lover synchronous speed. TFor zll
three nacolle arraniements, tho motore were supportcd shead
of the wing and within the aacolles. The nropellor.cpesd
was regulated by varring the frequeoncy of the rator-current
sunply and was reasurcd with an eloctric tachometor. Power
output was obtained for tlhe 25-horsovower motors from an
electrical calibdration and for ths 1lS-horcepower motore by
neasuremernt of the torque reaotion or the motor.

Y AT R ORI g e

Thrne sots of propellera, a modified Bureau of Aoro-
nautics Drawing Xo. 4412 two-bdlado »rovoller of 48-inch
dianeter, & Curtiss 88930 threc-blade propeller of 82-inch
diametor, and 2 Eamilton Standard 1327 two-blado propellor
cut down from 2n 8- to a 7-foost diameter, were used on the
20-, the 30.4-, and 34.7-inch nacolles, rcespectivoly.

The oontour of the cowlings and thoir rolative dimen-
slons are fivan in figure 7 as fractions of the cowling
dianeter. These cowlings wero geomotrioally sirilar to
thoso used in the previous seriece o teatn (roferoanco 1)
and to the one doesignated cowling ¢ 1in reforence 3, Tho
ehapee of tho nacellos wero dosisnod in oach cese to avold
flow sevaration on tho afterbody. At the intersection of
the racelle and tho win3 nlasticine fillots o ecxall radi-
us wero usoed to nrovide a esmoot: fairing,

Perforated motal plates, the recietance of which waq
changed to a valuo of conductance K (raierence %)
of aprroximatoly 0,10, simulated the engine, The
exit slot of the covlinz =was proporticnei to zive a
prescure drop of 0,070g across the ongino; it wns
assumed that a mecans of exit—slot aljuetuent such as
flavs would bs provided for other rlicht conditlonms,
For the tosta with no coolins alr, the axit slot was
seal¢d to vrevaent any air flow throuzh the covling,
This methol =was founi to zive mo~c consistont rosulte
thauy scaling tho porforation ian the mctal platoas of
the snsine, as wvas dong for the tosts of refcrence 1;
the improvoment can bos attributnd to a betitcr flow
condition at tho oxit slot,
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TESTS

¥ith provpellers removed <rom the modol, measuroreats
of aerodynamic characterictics wero made at an air spoed
of about 60 miles per hour for each of the nacello inetal-
lations over ar angle-of-attack ranfo fron zoro 1lift
through tho stall. Scalo effect oa the drag at low 1ift
coefficionts was also mnasured over a ranfe of alr speede
from 30 to 100 milos per kour.

Wita the vropellers operating, rropulsive charactor-
istics of the nacelle-propeller instellations wero dotor-
mined for the attitude in which the thrust axes were par-
allel to the relative wind and for 1lift coofficieants ap=-
proximating thoee for the hizh=greecd and the climbing con=-
ditions. The nower-on measuronents included tho power in-
put to the propollors and the provollor epeed as well as
the ueunl aerodynamic forcos and moments. For tho propul=
sive officiency tosts, the V/nD wae varied by incroasing
tho air spood from 30 to 100 miles vor aour and taon by
decreasing thoe propeller speed at the maximum air speed
until zero toroue wrne odtainod. Tho effect of propeller
operation on the 1ift and on the pitching moment was de-
tormined at a test air epeed of approximately 60 milee per
hour for tre raximum thrust nermitted by the set-up and
for arn irntorncdiato thrust condition.

POWZR-OFF CEARACTERISTICS

The aerodynamio charecteristics of the two-ensine
modoel with the propellers remeved aro shcwr in figuros 8
to 12 for the varioue arrarzemonts tested. These data
wero obtained at a tunnel air speed of about 60 miles per
hour, waich correenonde te a Roynolds number of adout
2,500,000 baeed on the averase win3 chord eof 4.62 feet,
The coerficiernts are based on o wing area of 172 square
feet and are corrected for wind-tunnel effects. Pitching=-
moment coefficiente aro computed adbout 2 center of sravity
located as ehown in fizure 1.

Drag.- Scale orffects on the airplano drag coefficients
for the nacelle arrangements and for the noiel witlout na-
celles, tosted at an aesumed high-spoed 1ift coefrficient of
0.25 aro ziven in fizure 13. A conparisen of the curves
for the various nacelle installations with those for the
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nacelle drag coofficient of 0,020 arnd 0,014 for the Z4.7-
and the 30.4-inch nacolleg, resvoctivoly, that check ro-
markedbly rell with the valuves of 0,019 anéd 0.014 from tho
data of Tijzure 15.

Aa unexvected decroare in da§ was shown oy the 20
iach nacelles in the low posi%ion (fig. 13). This de-
crease 1s inconsistent with the results of recent tests
mado in the NACA 8-=foot high-speed tunnel (reforenco 5)
that chow a 2-percent insreaso in tho alrplane drag for
lowerin3 the nzocolle. For the tests of rofereance 5, the
lowered nacolle was foomeirically similar to the centor-
lino nacollo; wheraas, in the prosent tests the nacelle
aftorbody was faired to nrovide additional spaco in tho
nacolleo Tor housing tho landing Zear. Tiais requiremont of
spnec made it unocsssary to olonsato the nacelle and to
fair from tho circular enZino section to a vortical line
at the tall. It i3 Teliovod that tho more sradval fairing
of tho low nacollo causod loss intorforonco detwaon tho
wing and tho nacollo on tho lower surfaco and that lowers«
ing the nocolle docrensod tho intorfereaco on the upper
surfaco of tiho wing to a low valuo. This conelusion is
partially verified br tho fact that the drag for tho low-
erod nacello approackes more nearly tho skin-friction drag
for a corrosnonding arount of surface in turbulont flow.

Kaxipum lift.= Tho naximun 1ift cooefficlent was
81lightly decreased (about 1 percent) by the addition of the
naeellos to the ailrplane. Tablo II summarlzes the maximum
1ifts for all the tect arranzoronts,

TABLE II

Values of Maxinum Lift Coefficiont

Tlep doflection, &8¢

1

Propellier
D/t et
“/ w loeation

Vertical
position

Bnre wing

0.25¢ Center line
«.25¢ i Low
+50c . Centor line
.50¢c Center lirne
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PROPULSIVE AXD OVER-ALL EFFICIZNCIES

Tho racalle drng coorficionts alona nro an insuffi-
ciont basis for compearissn of tihc. various nacello-prepoller
instrllations. Tho inatallations arc more properlv com-
parcd by reans of an over-rll erficicncy that includes tho
nncoello drag incromert mensured with the vnrepeller rcmovod
as well o8 tho propulsive efficicncy. Tis over-all cffi-
ciency ﬂﬁ 13 dofinod os tho rotio of the towlino powor
roquirod for the model without racolles at a %iven lovel-
£1ight speed to tho cctuanl power input required at this
gspvcd by the nodol with tho naccllo-propcller installation.
The over-all efficlency ic taoreforec written

n

¥D
e ()
t ch

The propulsive efficiency T 4= the ratic of the ef-
fective thrust power 4o tho powver irput arnd nar ts calcu-~

lated from the relailion

The valuc of the effcotive thrust, (T - AD), can ve com-
puted from the wind-tunnel data dy the relationship

T - AD =D, +R

in vhiea D, oand R are, rospectivelyr, tko wvalues of tho

drag for propeller-removed and prrpeller-operatins; condi-
tions.

The drag increnezt ircluded in the effective thrust
1s caused by the slipstream over the wingj in like manner
a 1ift increment is attridbuted to the proreller omeration.
Ir order to correct for 4his lift change, D and R
were both measured at the samo 1ift coefficient rather
than at the samc angle of attack.

Propulsive Efficlencios

Data have been obtaired from the tests te eshow tho of-
foct on the propulsive efficlency of variations 1a the pro-




peller dlade angle, the nacelle diamoter, and the 1lift
coefficient,

Propeller dlade angle.~ The valves of the propulsive
efficiencies measured for the various nacells-propeller
combdinations are ahown in figures 19 to 22, The maximum
propulsive efficiencies oceur at a dlade anglo B of edout
30°; the envelopes of the propulsivs-officiency curves are
reasonadly flat, however, showing onlv slight variations
in officicncies with a variation in B of 210° from the
optimun,.

The rosults show that neither the %lado anzle for max-
imum efficiency nor the gquantitative value of maximum of-
ficiency varies anprociadly from that of tho previous study
of tho four nacelle propcller instellations.

Nacelle diameter.- A variation in the ratio of the
nacelle diamoter to the wing thickness hes little e foct
on the maximum propulsive efficiency. Changing tias vertiw
cal position also has a neglisidle cffsct on the maximunm
efficisncy sxcept to change slightly tae V/nD at which
maximum efficicecncy occurs, Tho erfficiency at a 1ift co-
officient of =0,04 for tho 34,7=inch nacelles is approxi-
matoly 2 psrcent lower than that for ths 20-inch nacolles
and adout 1 percont lower than that for the 30.4=-inch
nacelles,

Lift coefficionts.~ The variations in the propulsivo

officiencies with airplane lift coefficient are also in-

cluded in figures 19 to 22 for blade angles of 20°, 30°,
and 40°., The maxinmum provulsive officioncy occure at a
1ift cosfficient of =0,04, in which caso the nacelle axis
was approximatoly parallel to the air stroam. Ths propul=-
gsive efficiency in all cases cxcept gor the 20=-inch na-
colle with the bdlade angle set at 30 is 2 percent groater
at the 1ift coofficient =«0.04 than at 0.,25. For the 20=
inch nacelle with a blado angle of 30° the propulsive of=
ficioncy is tho same for the two lift coefficionts in
eithor the conter line or theo lowered nacelle vosition.

Ovor-All Efficicncios

Tho over-all cecfficioncios for the conditions investle
gated during the prosont sorios of tosts togethor with
those of tho provious sorics (reforonco 1) are proscanted
in figure 23,




It will be notod taat there is a 1= to 2-porcent de-
eroaso in the ovor=all cfficicncy for the 0.40c¢ provollor
position, Tho decroasec ie¢ probably due tc the incroased
skin frietion of tho longer nacellec., It will also be ob-
sorved that tho over=-all efficlency for the two=-enfino
installation is connldernbly higher than that for the
four-engino inctallation, copoclally at larger values of
Dy/tys This differonce in over=all efficleney 1s the re-

tult of the lowor dra¢ obiained with two nncclles and ine-
dicotos the dosiradbility of using tho oemalloct possidlo
numbor of power unite for a~ Zivon total vowor output.

Variations of tho maximum over-all efficlency with
11f¢t coefficlent for the two-ongine date of the yrosent
tests and for the four-onfino data of the previous serioe
(referonce 1) are plotted in figure 24, In all caces
shown, the lowest efficloncles exiet at the high-apeed
condition; tho efficlencles increagse an the 1lift coeffi-
ciont elther increaces or decroases from the high-speod
condition, This inoroaco in efficiency is moro rapid with
the 30,4~ ond the 34,7-inch nacelles, because of a smaller
variation in drag with angle of attack for the larger na=-
celles,

POWER-ON CEARACTERISTICS

The effect of propeller operation or the cerodynamlc
cheracteristice of an airplane is primerily dependont on
the amount of thruet delivered by the propellere and, for
8 g&lven thrust, 1e¢ relatively independent of modorate
changes in blade anglo, V/nD, propulasive officloncy, and
propellor diameter. In order to describe the conditlons
of propellor operation, uso is made of an indox thruct co=-
effliclent that takos the form

84 o 5ial

Co qSV

in which T, ie the propulsive efficicncy at Op = 0.25
for tho conditione of V/aD and blade angle at which the
tosts wore mado., The index thrust coofflclont has the
charactoristics and the form of a drag coefflclont and 1is
cssentlally independent of the combinatien of V/nD and
blade angle that nroduces the thrust; it is cqual te the
enount of drag that the thrust would counterbdalance at the




standerd or index condition and, at ary othor value of
1ift coofflcient, diffors from the truo thrust ccofficliont
only bty tho varistion in propulcive efficiency betweon tho
two conditiono.

The offoet of propvoller overation on tiae maxinum 1lift
13 sivon in figures 25 and 26 for tho 20=inch and the 30.4-
ineh nacollo installatione. As tiao indox thrust cooffi-
clont increoases, tae slone of the 2ift curve increacos
slizhtly and the maximum 1ift incroases rapidlye. Tho rate
of incroaso 1n maximum 1lift coefficlont 1s largest for
valuee of Tgo between O and 0,05, owinn to the offect of

tho slipstream in docroasing the wing=nacello interference.

Tho effecte of tho provellor operation on the vitching-
moement coofficlont, for the various thrust coocfficlents
and two nacelle ingstallations, ara skhown in figuroce 27 and
28, Tho principal effoct of propollecr operation is to
chanso tho olevator angle required for bdalanco. 7The curves
aro similar throusghout the normal ranze of anslee of attack
and are very nuch liko those that would bo obtained by var=
ying the tall sotting, Incroeasinj; the nacollo sizo from
20 incaes to 30,4 inchos deorcases tho slopo of all of tho
novor=on pitching-momont curvcs. ¥ith tho largest valuo of
Tgo for each caso, and osvoecially with the largor nacollo,

the étability tocomes critical at tho highor anglos of at-
tack,

PRESSURE DISTRIBUTION

Tac prossuro distridbution on tho undor sido of tho
20=1inch and tho 24,7=1inch nncellon is sivon in figures 29
and 30, rosnoctively. Thecso data may bo uend ae 2 3gulde
in dosigning trapdeoers cn the bottom of conventlionnl nn=
cellos. Simllar data for “usolasges are given for o largo
rango of idach numhers in reforoncec 6,

Pressurcs are given in terms of the pressure cooffle

D
cient, P = ;—;~29 (in which 1 1s tho local prossuro

end p, 1le the free-stroanm statle prossuro), nlottod nor=

nal to the surfaco of the nacollo, Tho rosults aro plote
ted to sive tho distridbution over four crose=sccticnal
planoas of thc naeellos, loecatod as shown in figuros 29(b)
and 30(b), botwoon thc loading odgo of tho winz cornd the
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tratliang cd=zo of the ancollers, The pressurc distridution
ovor tho lon¢itudinal soations is nlso sacwn in figuros
29(a) and 30(a) for ths conter-line socctions to give ~n
indication of the fore-and-aft pressuro variations,

CONCLUSIONS

ls The over-all efficiency of tae two=-ongine model
docreasod linearly with an incroasc in tho ratio of the
nacelle diameter to tho wing thicknees. a

2. Tre propulsive efficioncios wore substantielly
the same for all nacello arrangemonts,

3. Tho static longitudinal stability was adversoly
affocted by the addition of tho nacellos to tho wing and
thoe operation of the propellors,

4, Tho addition of tho two nacelles to the wing de-
croased the maxinum 1ift by only about 1 porcent.

Langloy Momorial Aeronautical Laboratory,
Hationnl Advisory Committee for Aeronautics,
Langlev Field, Va.
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igure 3.- Installation of model with J0-inch nacellec {c: nter-1l:
in the NACA rulle-scule wind turnmel.




Figure 4.~ msullauon of movel witn ¥
MACA full-ssale wind tunnel.




Figure 6.~ Installation of model with 34.7-inch racelles (center-line positior)
in the NACA full-ccale wind tunnel.

Firure 16.- Air flow over unper surface of wiry and
nacelles . ropeller location:
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Figs. 7,14
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Figuro 7.~ Limenoiono of cowling and cooling arrongwment.
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Rotio of nocelle diomeler 1o wing thickness, Dy [t.

(2) Adr flowing through cowlirg propellor location, 0.25c. (b) Cowling closed; pro-
peller location, 0.25¢. (c) Adr flowing through cowling; propellor location, 0.50c.

(d) Cowling clo=od; propeller location, 0.50c.

Figure 14,.- Drag incromont duo to each nacello, ACp/2, for nacelloo of various size and
various 1ift coefficients. Tost u!r spoed, 100 mph,
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Figure 8,- Aerodynamic characteristics of model without nacelles,
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Figure 9.- Aerodynamie characteristics of modcl with 20-inch
nacelles in center-line position, Approximate test
air speed, 58 mph.
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Figure 10.- Aerodynamic characteristics of model with 20-inch

nacelles in lo¥ position. Approximate test
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Figure 11.- Aerodynamic characteristics of model with 30.4 inch
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Figure 12.- Aerodynamic characteristics of model with 34.7
nacelles., Approximate test air speed, 58 mph.
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Figs, 15,17,18
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Fige. 19,20,21

¥/nbp
Figure 19.- Variation of propulsive efficiency with blade angle for the 20-inch nacelles

in center-line position. 0.25¢c propeller location; air flowing through
owling.

. “  Vinp
Variation of propulsive efficiency with blade angle for the 20-inch nacellee
in low position. 0.25¢c propeller location; air flowing throush cowling.
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Figure 21.- Variation of propulsive efficiency with blade angle for the 30.4-inch nacelles
0.50c propeller location; air flowing through cowling.
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Figure 22.- Yariation of propuleive efficiency with 1ift soefficient
for the 34.7-inch nacellee. 0.500 propeller location;
B, 309 sir flowing through cowling.
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23,.- Variation of maximum over-all efficiency with nacelle size.

Cp. 0.25: B approximately 3003 air flowing through cowling.
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Figure 24.- Veristion of maximum over-all efficiency with 1ift soefficient.
Yarioue nacelle arrangesente; B, npproximtely 30°.
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Figs. 27,28
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Figure 27.- Variation of pitching-moment coefficient of the
model with index thrust coefficient. The 20-inch
nacelles in center-line position. 0.25c propeller location.
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Figure 28.- Variation of pitching-moment coefficient of the
model with index thrust coefficient. The 34.7-inch
nacelles; 0.50c propeller location.
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(m) Longitudinsl sectione. (b) Transverse sections.
20-inch nacelles in low position.

Figure 29.- Pressure dietribution for the
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Figure 30.- Pressure distribution for the 24.7-inch nazelles.
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